Abstract-The shape and formation of transmitral vortex ring are shown to be associated with diastolic function of the left ventricle (LV). Transmitral vortex ring is a flow feature that is observed to be non-axisymmetric in a healthy heart and its inherent asymmetry in the LV assists in efficient ejection of the blood during systole. This study is a first step towards understanding the effects of the mitral valve's anterior leaflet on transmitral flow. We experimentally study a single-leaflet model of the mitral valve to investigate the effect of the anterior leaflet on the axisymmetry of the generated vortex ring based on the three-dimensional data acquired using defocusing digital particle image velocimetry. Vortex rings form downstream of a D-shaped orifice in presence or absence of the anterior leaflet in various physiological stroke ratios. The results of the statistical analysis indicate that the formed vortex ring downstream of a D-shaped orifice is markedly non-axisymmetric, and presence of the anterior leaflet improves the ring's axisymmetry. This study suggests that the improvement of axisymmetry in presence of the anterior leaflet might be due to coupled dynamic interaction between rolling-up of the shear layer at the edges of the D-shaped orifice and the borders of the anterior leaflet. This interaction can reduce the non-uniformity in vorticity generation, which results in more axisymmetric behavior compared to the D-shaped orifice without the anterior leaflet.
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Recently, Falahatpisheh and Kheradvar introduced an index that measures the vortex rings' non-axisymmetry. 9 The index examines the impulse spectrum of the ring to determine the axisymmetry; vortex rings with a broad impulse spectrum tend to be less axisymmetric while the ones with a narrow spectrum are more axisymmetric. The index ranges between 0 and 1, which 1 refers to a perfect axisymmetric vortex ring. 9 Compared to the symmetric geometry of the trileaflet valves, e.g. the aortic valve, nature has chosen the mitral valve to be the only asymmetric valve. Geometrical asymmetry in the natural mitral valve consists of a D-shaped orifice and the anterior leaflet, which has a wider surface compared to the posterior leaflet. 30, 31, 37, 42 . As a first step towards understanding basic effect of the asymmetric shape of the mitral valve on the shape and axisymmetry of the transmitral vortex ring, we experimentally study a simplified model of the mitral valve. We characterize the formation of the three-dimensional vortex ring ejected downstream of a single-leaflet valve as a model of mitral valve's anterior leaflet. Ultimately, the role that the presence or absence of the valve's leaflet plays on the axisymmetry of the formed vortex ring is studied.
METHODS

Experimental Setup
A piston-cylinder arrangement immersed in a water tank of 870 9 430 9 360 mm 3 was used to generate vortex rings (Fig. 1) . The piston displaced through the cylinder by a computer-controlled stepper-motor that generates a trapezoidal-shaped velocity profile. For our experiments, the piston was set to accelerate from zero to reach a plateau velocity of U 0 = 40 mm/s in 300 ms, and then remained steady to achieve the desired stroke ratios. The piston was programmed to rapidly decelerate to stop after the pulse in 300 ms. The generated vortex rings were far enough from the chamber's side walls to avoid any wall effects.
Single-Leaflet Valve
The piston expelled the fluid toward the opening of the cylinder where two different nozzles were investigated. Nozzle (A) is a model of the anterior D-shaped mitral valve annulus with a leaflet that was made according to the physiological dimensions and behavior of a natural mitral valve (Fig. 2a) .
2 Outlet (B) was the same D-shaped annulus as (A) but without the anterior leaflet, as shown in Fig. 2b . The valve models were made of silicone rubber with 15 Shore A hardness, specific gravity of 1.18 g/cc, and tensile strength of 2.8 MPa. The thickness of the leaflet was chosen to be equal to that of a natural mitral valve (i.e., 0.5 mm). The diameter of the D-shaped orifice was equivalent to
The opening of the model with anterior leaflet is shown in the Supplementary Video Clip. As the piston moved forward and pushed the fluid out of the orifice, the leaflet responded to the pulse from the piston and gradually deformed until a complete opening. The leaflet positioned horizontally parallel to the axis of the piston when it was fully open. The model with the leaflet was in fact one-piece silicone rubber that could open and close from its base. The dynamics of the leaflet opening was not considered and the velocity fields were captured with defocusing digital particle image velocimetry while the valve was fully open.
Experimental Conditions
The jet stroke ratio (L=D) was set to 2.5, 3.5, 4.0, 4.5, 5.0, and 6.0. L is the displacement that the piston traveled during acceleration, steady-state, and deceleration. The diameter of the model without the leaflet, D, is constant during the time of piston displacement. For the orifice with the leaflet, the valve's diameter changed as the valve opened. However, in calculation of the stroke ratio for the model with the anterior leaflet, we did not considered the time-varying geometry of the valve and used the orifice diameter at its complete opening, which is equal to that of the model without leaflet. These stroke ratios were selected according to the physiologic range of vortex formation times (VFTs), as shown to be clinically relevant in range of 3.3 to 5.5. 11, 19, 22 Defocusing Digital Particle Image Velocimetry (DDPIV)
The three-dimensional velocity fields were captured using DDPIV, as originally developed by Pereira and Gharib. 36 In DDPIV, particle depth information is determined by quantifying the natural blurring of the particle as it moves out of the focal plane and captured by three cameras. The defocusing PIV technique uses the image shift produced by the apertures to measure the depth of the particle from the camera. The DDPIV FIGURE 1. Schematic of the experimental set-up consists of an immersed piston-cylinder with the model of the mitral valve positioned at the outlet of the nozzle. The displacement of the piston is operated by a computer-controlled stepper motor that provides different stroke ratios. Downstream of the orifice is volumetrically illuminated by laser using optical lenses, which includes a diffuser, a concave and a convex lens. The DDPIV camera is placed outside of the tank perpendicular to the axis of the cylinder. A pulse/delay generator synchronizes both the camera and laser illumination for proper acquisitions. The piston velocity profile for L=D 5 6 is also shown. system in this study utilizes a three-aperture mask arranged in the form of a triangle to eliminate the ambiguity in determining the depth. The DDPIV system is able to capture a volume of 100 9 100 9 100 mm 3 with 40,000 particles and 0.034 particles/pixel. Silver coated glass microspheres with the average diameter of 93 lm were used in this experiment. The transmitral flow was captured up to 10 cm downstream of the valve apparatus, which is comparable to the transmitral jet passing through a native mitral valve toward LV's apex. The 3D velocity field for each stroke ratio was captured using the particle tracking velocimetry technique averaged over 30 identical cycles, where each cycle was duplicated with the same parameters. A total of 55 frames at the rate of 15 Hz were acquired for each experiment. The resolution of the velocity field was 39 9 39 9 39 in the domain of 100 9 100 9 100 mm 3 . No smoothing was made in the resulted velocity and vorticity fields obtained by DDPIV. This set of experiments was conducted at the Gharib research lab at the California Institute of Technology.
Quantification of Vortex' Axisymmetry
We used the axisymmetry index, n, for vortex rings as described by Falahatpisheh and Kheradvar to quantify the shape of the 3D transmitral vortex rings. 9 This measure considers the vortex' impulse spectrum in several azimuthal planes (h-planes), and is defined as 9 :
where I < is the average of the impulses smaller than the impulse threshold, I, and I > is the average of the impulses greater than the impulse threshold. Impulse threshold is calculated as
where N is the number of h-planes used to characterize the vortex ring; here, we used N = 120 h-planes to assess the axisymmetry. I h is the impulse in each hplane. We also calculated circulation, C h , radial vorticity centroid, R h , and impulse I h at each h-planes according to 9 :
where x h is the vorticity distribution in the h-plane, A h is the area of the h-plane, and x and r are the axial and radial coordinate, respectively. q is the density of the fluid, which was water in the present study. Impulses at different h-planes were calculated with respect to the vorticity centroid at each timestep.
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Non-dimensionalization
Similar to the Reynolds number defined for axisymmetric rings, 12 we defined the Reynolds number of the formed nonaxisymmetric rings using the averaged circulation in all h-planes:
where m is the kinematic viscosity of the fluid.
Statistical Analysis
A paired t-test was used to examine whether the presence of the leaflet has a statistically significant effect on axisymmetry of the vortex rings represented by n. We also examined the statistical significance of the difference in the mean non-dimensional circulation, C h Ã ; mean non-dimensional radial vorticity centroid, R h Ã ; mean non-dimensional impulse, I h Ã ; in presence or absence of the leaflet. Furthermore, a linear regression analysis was performed to quantify the effect of the leaflet, stroke ratio, and vortex evolution on the axisymmetry index, n, based on 36 experimental observations. A p-value less than 0.05 was considered statistically significant. Analyses were performed in MATLAB (MathWorks, Inc., Natick, MA).
RESULTS
Axisymmetry Index for Transmitral Vortices Mitral Annulus with Anterior Leaflet
For each stroke ratio (L=D), we captured the vortex ring's evolution at three time-steps of formation, translation and steady state, which are based on the relative time evolution of the vortices. Formation refers to the time where the vortex ring formed in the vicinity of the orifice, translation refers to the time where the ring translated forward after it was formed, and lastly, steady state is when the ring evolved from translation to a steady state. We used x = 2 s 21 for all the cases so that a complete ring could be visualized. The vortex rings illustrated by the iso-surfaces of the vorticity magnitude for L/D = 3.5 are shown in Fig. 3b as an example. The Reynolds number, Re C , mean non-dimensional circulation, C h Ã , mean non-dimensional radial vorticity centroid, R h Ã , and mean non-dimensional impulse, I h Ã , were computed for all the stroke ratios, as shown in Table 1 . The circulation spectrum, radial vorticity centroid, and impulse are shown in Fig. 4 for L/D = 6.0, as an example.
Mitral Annulus with No Anterior Leaflet
For the D-shaped mitral annulus with no anterior leaflet, the effect of the leaflet was eliminated. Similar to the annulus with leaflet, we captured three vortex rings at different stages of formation, translation and steady state. The vortex rings for the stroke ratio of 3.5 are shown in Fig. 3c . The Reynolds number, Re C , mean non-dimensional circulation, C h Ã , mean non-dimensional radial vorticity centroid, R h Ã , and mean non-dimensional impulse, I h Ã , for all the stroke ratios are shown in Table 1 . The spectrum of the circulation, radial vorticity centroid, and impulse for L=D = 6.0 during steady state stage is shown in Fig. 5 . The difference between the vortex ring's axisymmetry indices generated from the models with and without leaflet is shown in Fig. 6 and Table 2 . The percent difference is calculated according to ¼ ðn with À n without Þ= n without Â 100. The red area is the region shaded between ±5% engineering error ranges. The results show that the majority of the absolute values of the difference were larger than 5%. In addition, the variation of axisymmetry index vs. stroke ratio is shown in Fig. 7 for both models with and without the leaflet.
Statistical Analysis Result
The p-values resulted from the paired t-test are shown in Table 3 . The p-value for the mean non-dimensional circulation, C h Ã , was found to be 0.0074, which is statistically significant. Consequently, there was no statistically significant difference in the rings' Reynolds numbers according to its definition, Re C ¼ C h Ã =m. The p-value for the mean non-dimensional radial vorticity centroid, R h Ã , was found to be 0.2723, which is not statistically significant. The p-value for the mean non-dimensional impulse, I h Ã , was found to be statistically significant (p = 0.0042). The p-value for the axisymmetry index was found to be 0.0013, which is statistically significant. The p-values resulted from the linear regression for the effect of the leaflet, stroke ratio, and evolution time were found to be 4.74 9 10 24 , 0.2917, and 4.93 9 10 29 , respectively, as shown in Table 4 .
DISCUSSION
The intraventricular vortex ring that forms during the early transmitral flow propagates away from the mitral valve's leaflets. It entrains the intraventricular ambient fluid until it is pinched-off from the transmitral jet. 19 Mainly through contrast echocardiography, echo-PIV 23 and 4D Flow MR, 29 it has been observed that the forming transmitral vortex ring possesses a nonaxisymmetric shape as illustrated in Fig. 8 . 18, 19, 35, 40 The sources of transmitral vortex' asymmetry include D-shaped orifice, larger anterior leaflet, and mitral valve's location, which is slightly closer to the LV lateral wall compared to the interventricular wall. However, no study has quantitatively investigated the effects of these sources on vortex' asymmetry.
Here we quantitatively measured the axisymmetry of vortex ring formed downstream of a model of a mitral valve when the effect of the wall is removed in a piston-cylinder mechanism. If we consider the 
, and axisymmetry index, n ¼
I< I>
; for two models: with the anterior leaflet and without the leaflet. grouping of the left atrium (LA) and LV equivalent to a piston-cylinder mechanism, transmitral flow is a forward moving flow from LA to LV, regardless of whether the piston being pulled toward LV (early diastole) or pushes toward the LV (atrial contraction). What makes a difference to the developed vortex ring is the timing of the ejection, previously described as vortex formation time. 12, 21, 24 Additionally, the shape of the ring from an axisymmetric perspective is not affected by pulling or pushing the piston but rather is affected by the shape and dynamics of the orifice. Accordingly, the effect of the anterior leaflet on vortex axisymmetry was studied using the axisymmetry index. 9 In presence or absence of the anterior leaflet, the deviations of the vortex rings from axisymmetry were compared for a variety of stroke ratios and at three different stages of vortex evolution: formation, translation and steady state.
Effect of the D-Shaped Annulus
The geometrical difference between a circular orifice and D-shaped annulus is that the former possesses a uniform curvature while the latter has a variable curvature along its edges. This affects rolling-up of the shear layer and process of vortex formation. 5 The changes of the local curvature at the edges of the D-shaped orifice compared to a circular orifice are the source of disturbance for the ring formation. Therefore, non-uniform rolling up of the shear layer makes the formed vortex ring less axisymmetric when compared to the one ejected from a circular nozzle. Shape of the D-shape of the nozzle may vary from valve to valve. In the present study, the mitral valve's non-circular orifice (D-shaped) was considered with a physiologic orifice area. Curvature of the D-shaped orifice may affect the axisymmetry of the vortex ring, which we did not test in this study. 
Mitral Valve as a Three Dimensional Complex Orifice
The shape of the mitral valve is atypical compared to the other three heart valves. Anatomic geometry of the mitral valve makes it a complex three-dimensional orifice 39 whose asymmetric shape of the anterior leaflet and the non-axisymmetric D-shaped geometry of its annulus contribute to non-uniform vorticity generation. The vortex ring forming downstream of the mitral valve is linked to this highly time-dependent non-uniform vorticity generation during the opening of the valve. . Difference between the axisymmetry index of the vortex ring generated by the models with and without the leaflet. The percent difference is calculated according to ¼ ðn with À n without Þ=n without Â 100. The red area is the region shaded between 65% error. The majority of the absolute value of the differences were larger than 5%. TABLE 2. Difference between the axisymmetry index of the vortex ring generated by the models with and without the leaflet.
Step l of evolution L/D = 2. The percent difference is calculated according to ¼ ðn with À n without Þ= n without Â 100. h is result of the hypothesis, p is the p-value, CI is the confidence interval, t stat is the value of the test statistic, df is the degrees of freedom, and SD is the standard deviation.
FIGURE 7. Axisymmetry vs. stroke ratio for both models with and without leaflet at different stages of the evolution. F, T, and S represent formation, translation, and steady state and WA and WOA refer to models with and without anterior leaflet, respectively. Compared to the previously-studied nozzles that generate non-axisymmetric vortex ring in a pistoncylinder mechanism, 7, 13, 14, 16, 27, 43 the valve model used in this study has a distinct 3D feature. These vortex generator setups are as shown in Fig. 9 . Le et al. 27 numerically studied the dynamics of a laminar vortex in impulsively driven flows through inclined nozzles in a piston-cylinder apparatus. The schematic of the formed vortex ring is shown in Fig. 9b . Also, the schematic of the vortex ring formed downstream of an elliptical nozzle is shown in Fig. 9c . Compared to the nozzles in Figs. 9b and 9c and during the valve opening, the regions from which vorticity is generated in the singleleaflet valve do not lie in a single plane while having a non-stationary exit during fluid ejection. In other words, as the valve progressively opens, these regions from which vorticity generates dynamically relocate to a new position that consequently alters the shape of the formed vortex ring. In our simplified model of the mitral valve, we did not account for the mitral valve's dynamic, the posterior leaflet, and the interaction of the formed vortex ring with the left ventricular wall. These effects were beyond the scope of this work.
Effect of the Anterior Leaflet on the Transmitral Vortex Ring
Based on the paired t-test, the anterior leaflet significantly affected the axisymmetry of the vortex when compared to the D-shaped annulus without the anterior leaflet (p-value = 0.0013). In fact, the axisymmetry of the vortex ring was shown to be improved by the presence of the leaflet, as illustrated in Table 4 . This can be also observed by examining the spectrum of the circulation, radial vorticity centroid and the rings' impulse, which highlight the difference between the rings formed downstream of the two orifices, as shown in Figs orifice without leaflet are associated with a larger deviation of the ring from axisymmetry. Furthermore, as the vortex ring evolved downstream of the orifice, the average magnitude of difference in axisymmetry between the two rings monotonically decreased along with an increase in the circulation (Table 4 ). This difference decreased from 50.8% at the formation stage to 36% during the translation stage that even further reduced to 18% at the steady state stage.
The formed vortex ring was observed to be severely non-axisymmetric at the formation stage, for both models with and without leaflet, as shown in Table 1 . In presence of the anterior leaflet and for all the studied stroke ratios, the ring at the formation stage possessed a range of 17-56% axisymmetry and the annulus without leaflet had a range of 20-35% axisymmetry. This shows that at the formation stage both models generate significantly non-axisymmetric vortex rings. However, compared to the formation stage, this nonaxisymmetry decreased during the ring's evolution and forward translation along with an increased circulation at the steady state stage, as can be deducted from Table 1. Since the ring's circulation monotonically increases during the evolution and forward translation, we hypothesize that the vortex's axisymmetry would be optimal at the onset of pinch-off where the circulation is saturated. 12 It was also observed that the effect of the stroke ratio on axisymmetry was statistically insignificant. This implies that vortex formation time in the studied range, which covers normal and diseased LVs, is irrelevant to the shape of the ring.
Based on our experimental results, we hypothesize that the improvement of axisymmetry in presence of the anterior leaflet is due to coupled dynamic interaction of rolling-up of the shear layer at the edges of the D-shaped orifice with the borders of the anterior leaflet. This interaction seems to reduce the nonuniformity in the vorticity generation , which results in more axisymmetric behavior compared to the D-shaped orifice with no anterior leaflet.
Potential Clinical Application
Several previous studies have emphasized that the transmitral jet's stroke ratio or vortex formation time significantly and reliably changes in a variety of cardiac dysfunctions 11, 17, 19, 28 and valve diseases. 22, 33 However, due to lack of imaging capabilities for mapping the transmitral vortex ring in 3D, the shape effect and axisymmetry of the ring have not yet studied in vivo. With recent advancement in 3D Echo-PIV 8, 10 and 4D Flow MRI, 29 it is anticipated that shape of the transmitral vortex ring being further studied and compared in different cardiac conditions in near future. The vortex axisymmetry index is a non-dimensional number that can be compared among the patients and normal population once 3D LV flow field is obtained. Healthy ventricle possesses a non-axisymmetric mitral vortex. 23, 31 However, it is not yet known which range or value of axisymmetry is normal or optimal. We anticipate that the axisymmetry of the formed vortex ring in normal subjects lies within a physiological range that should be studied in normal population and compared to the values to be measured in different cardiac conditions.
LIMITATIONS
Measurement errors may exist due to the noise in the DDPIV data and motor vibration, which may have slightly affected the calculation of ring's centroid. Due to frame-rate limitation of the DDPIV, only three time-steps of the vortex ring were captured, and as a result, some of the transitional stages may have not been imaged. The orifice of the native mitral valve is elliptical, three-dimensional, and saddle-shaped rather than flat as used in the present study. Additionally, this study was only focused on the effects of the anterior leaflet on transmitral vortex' shape and did not consider the interaction of the vortex with LV walls, which has been previously shown to affect vortex axisymmetry. 20 Posterior leaflet was not modeled in our study since from an experimental perspective, creating models with and without the posterior leaflet is not practical mainly because the model without the posterior leaflet will lose its integrity. Using water along with other physiologically based values might cause deviation from physiological Reynolds number. This deviation in Reynolds number may affect circulation and vorticity generated in the vortex ring, and therefore, might result in a different axisymmetry index. However, the present study was aimed to compare vortex' axisymmetry ejected in presence and absence of the anterior leaflet while keeping everything else the same, and therefore we expect that the relative differences would be the same.
CONCLUSIONS
In this study, we examined the effect of the anterior leaflet in a simplified model of mitral valve. A singleleaflet valve model was used in a vortex generator setup along with using defocusing digital particle image velocimetry to obtain three-dimensional velocity fields. We studied the shape of the formed vortex ring downstream of the valve at different stages of formation. We quantitatively measured the vortex' axisymmetry ejected from a D-shaped annulus with and without the anterior leaflet (Fig. 2) . The vortex rings ejected from a D-shaped annulus were found to be non-axisymmetric. This study suggests that, in the absence of the mitral valve's posterior leaflet, annulus dynamics, and the left ventricular wall interaction, the main source of vortex' non-axisymmetry is the Dshaped annulus, and presence of the anterior leaflet improves the vortex' axisymmetry. We hypothesize that the dynamic interaction of the shear layer rollingup from the edges of the anterior leaflet with the one on the D-shaped edge of the orifice reduces the nonuniformity in vorticity generation. This reduction is with respect to the non-uniform vorticity that was generated downstream of the model with no anterior leaflet. A potential clinical application of the axisymmetry index is to diagnose subtle diastolic dysfunction based on the shape and formation of transmitral vortex ring.
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